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Ion-molecule reactions of chromium containing ions with arylsulfides have been studied in 
the gas phase and their products have been characterized by tandem mass spectrometry. 
C,H,SH and (C,H,),S react as typical aromatic compounds and give rise to Cr+C,H,SR’ 
and RC6H,Cr+C,H,SR’ [R = H, CH,, CH(CH,),; R’ = H, C,H,] ions. Metastable ion mass 
spectra of the latter species show that the metal is more strongly bound to diphenylsulfide 
than to alkylbenzenes. C,H,SSC,H, reacts with chromium-containing ions to form only 
Cr+(C,H,SSC,H,). The decomposition characteristics of this ion and, in particular, the 
presence of a recovery signal in the neutralization-reionization mass spectrum are in keeping 
with the formation of a 1,2-dithia[2]cyclophane complex ion, which rearranges into a 
structure(s) that contains Cr-S bond(s). No evidence was found for metal atom insertion 
into S-S, C-S, or S-H bonds. 0 Am Sot Muss Spectvom 1994, 5, 928-934) 
G 
as-phase ion-molecule reactions of the ligated 
L,M* or “bare” transition metal ions (n = 0) 
with aromatic compounds (arene) have been 
extensively studied [l, 21. Formation of a new metal- 
ligand bond M+-arene by addition or substitution 
reactions has been observed. Sandwich-like complexes 
LM-(arene) where L is a q-ligand, have been pre 
duced by ion-molecule reactions of ligated metal ions 
with the corresponding arenes [2]. An interesting type 
of complex is a cyclophane-like structure, in which the 
same ligand is connected via two separate sites to the 
central metal atom. Formation of such species has been 
observed as a result of unimolecular decomposition of 
some transition metal r-complexes [3]. For example, 
loss of three CO molecules from the molecular ion of 1 
(X = [CH,], or [CH,],) resulted in rearrangement into 
the ion 2+, which was indicated by its reactivity in 
NH, chemical ionization conditions [3a]: unlike other 
(arene%-Cr+ ions, they did not form ammonia adducts 
(Scheme I). 
In the present study, ion-molecule reactions of some 
aromatic sulfides, namely, thiophenol, diphenylsulfide, 
and diphenyldisulfide, with chromium-containing ions 
are described. These ligands have been chosen as mod- 
els for the investigation of complex formation in 
polyphenylenesulfide polymers doped by metal atoms. 
A study of the reaction products between chromium 
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Scheme I 
atom vapors and polyphenylenesulfides by other 
physicochemical methods [4] has not provided much 
evidence for the formation of r-complexes and in 
particular, “sandwich” complexes between poly- 
phenylenesulfide layers and chromiun atom(s). For 
this purpose, C,H,SH and C,H,SC,H, were chosen 
for the possible generation of the above species. It 
should be noted that complexes of diphenylsulfide 
with the chromium tricarbonyl group [5], as well as 
chromium tricarbonyl complexes with other thiophe- 
no1 derivatives, have been already synthesized 161. 
Diphenyldisulfide was considered to be a potential 
chelating ligand, able to form cyclophane complexes in 
which two aromatic rings of the organic molecule are 
bound to the metal ion. Similar chromium complexes, 
which contain two carbon (Structure 3; X = CH,CH, 
[7]) or silicon (Structures 2 and 3; X = (CH,),SiSi 
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(CH,), [8, 711 atoms in the bridge between two 7’ 
aromatic ligands, have been previously synthesized. 
3 
Some cyclophane sulfur-containing rr-complexes, for 
example, 1,2,3trithia[3]ferrocenophane [9], also have 
been produced, but similar complexes of chromium 
that contain bridging sulfur atom(s) are not known. 
Gladysz et al. [lil] attempted to produce a chromium 
complex of dibenzylsulfide by condensation with Cr 
atom vapors, but the reaction failed because of major 
desulfurization processes. The formation of metal sul- 
fides also has been observed in the unimolecular de- 
composition of chromium complexes with sulfur-con- 
taining ligands [llJ and in gas-phase ion-molecule 
reactions between metal-containing ions and organic 
sulfides [12]. For example, the reaction of FeSi fn = 
0 - 2) with C,H,SH resulted in FeSi,, ions and a 
benzene molecule [2 s]. 
Benzenechromiumtricarbonyl, its alkyl derivatives, 
CnCO), and (C,H,),Cr were used in the present study 
as sources for the chromium-containing ions that re- 
acted with aromatic sulfides, benzene, toluene, and 
dimethyldisulfide. 
Experimental 
Mass spectra were recorded using Kratos MS30 (Kratos 
Analytical, Ramsey, NJ) and modified VG ZAB-2F (VG 
Analytical Ltd., Manchester, UK) [13] mass spectrome- 
ters. Ionizing electron energies varied from 6 to 70 V; 
the ion source temperature was 180-250 “C. To ob- 
serve ion-molecule reactions, organometallic and or- 
ganic compounds were evaporated simultaneously into 
the ion source by using the solid probe inlet sys- 
tems. For volatile compounds (CH,SSCH,, C,H,, 
C,H,CH,), the gas inlet systems were used. 
Metastable ion (MI), collision-induced decomposi- 
tion (CID), collision-induced dissociative ionization 
(CIDI), and neutralization-reionization (NR) mass 
spectra were recorded on a three-sector (BEE) VG 
ZAB-2F mass spectrometer. In the CID and CID1 exper- 
iments, oxygen was used as the collision gas; its pres- 
sure in the second collision cell of the second field-free 
region (ZFFR) was adjusted to give a main ion beam 
transmission of 85-90s. In triple mass spectrometry 
experiments fragment ions of interest were produced 
in the 2FFR from mass-selected precursor ions; they 
were then energy-selected by the first electric sector 
and collisionally activated (He, 70% transmission) in 
the 3FFR. The resulting CID mass spectrum was 
recorded by scanning the second electric sector volt- 
age. In the NR experiments Xe was used for neutral- 
ization and oxygen was used for reionization. Their 
respective pressures in the first and second collision 
cells of the 2FFR were adjusted to provide 15% reduc- 
tion of the main ion beam. 
Results and Discussion 
ion Formation 
Mass spectra from the ion source mixtures of 
organometallic compounds and aromatic sulfides dis- 
played molecular and fragment ions of each compo- 
nent as well as ion-molecule reaction products. Some 
of the latter originated from reactions of the metal-con- 
taining ions with the parent organometallic compound; 
such reactions have been reported elsewhere [14]. The 
mass spectra of some mixtures also showed ions in 
which the transition metal atom was bound to a new 
ligand CL), the most common species was Cr+C,H,R 
(Table 1). In the mass spectra of mixtures of the metal 
complexes with aromatic sulfides these ions were ob- 
served at (nominal) ionizing electron energies lower 
than the ionization energy of C,H,SR, which indicates 
their possible formation by reactions of the metal-con- 
taining ions with a neutral arylsulfide. 
Thiophenol and diphenylsulfide react with arene- 
CrCCOl,t like other aromatic compounds (see Table 1 
and ref 2j) to produce his-arene complexes [arene- 
CdC,H,SR)+] that contain the initial arene and a new 
sulfur-containing ligand. (Cc,HsSR)Cr+ ions were also 
observed. All these species can originate from substitu- 
tion of the carbonyl or arene ligands by L at the central 
metal atom. However, adduct formation between 
arene-Cr+ or Cr+ ions and the aromatic (sulfide) 
molecule cannot be excluded. If such an adduct is 
formed it is probably stabilized by secondary collisions 
in the ion source. 
The possible formation of stable adducts is clearly 
indicated by the mass spectrum of the chromocenee 
toluene mixture, which displays C,H,&r+C,H,CH, 
and Cr*C,H,CH, ions in = 1:6 abundance ratio. The 
metal-cyclopentadienyl bond is one of the strongest 
metalk74igand bonds; for example, the energy re- 
quired for removal of the C,H, ligand from 
Table 1. Relative abundances of areneeCr+L and areneCr+ 
ions in the mass spectra of some ~~~II-C~CO)~/L mixtures 
AreWZ L farene -Cr+l/fLCr ’ 1 
W’, c,H5cn, 0.17 
C&G C,H,SH 0.20 
C& C6wvk -e 0.01 
C&e C%=H, 0.14 
C&C% C,H,SC,H, 0.11 
C,H,CH(CH,), C&x,& 0.07 
C,H,CH(CH,), C,W=.Ps 4 0.01 
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(CSH&rC and C,HaCr+ ions is 6.55 [15] and 4.6 eV 
[16], respectively, whereas that for the C,H,-CrC 
bond cleavage is less than about 3 eV [16, 171. Differ- 
ences in C6H6-Cr* and CsH,--Cc+ bond strengths 
can be illustrated by the behavior of C,H,Cr +C6H6 
ions, for which arene loss is the dominant reaction [ 161. 
Note also, that substitution of the cyclopentadienyl 
l&and at the transition metal atom (M) on benzene or 
its derivatives has not been observed in the gas phase 
(C,H,),M+ or CSHSMC ions [Zh, 2~1. Therefore, in 
the present experiments, the formation of ions that 
have a Cr-arene bond likely resulted from the addi- 
tion of arene to the corresponding metal-containing 
ions. 
The mass spectra of mixtures of arenechromiumtri- 
tarbonyls with CH ,SSCH s displayed arene- 
Cr’CHaSSCH, and Cr+CH,SSCH, ion peaks. In all 
these experiments the arene-Cr ‘L/Cr+L ion abun- 
dance ratios varied in a relatively narrow range 
(0.07-0.201 independent of the subs&tent in the aro- 
matic ring of the organometailic complex and the IX- 
ture of the new organic ligand. 
Diphenyldisul~de behaved differently from the 
other organic moiecules studied, The mass spectra 
of its mixtures with a~ne~omium~icarbon~l de- 
rivatives contained no signals that correspond 
to arene-Cr*~C~~sSSC~~~~, which shows the 
Cr+K,H,SSC,Hs~ ion as the only ion-molecule reac- 
tion product having a new Mets-lig~d bond. Note 
that the latter species also were formed in the electron 
ionization (ED mass spectrum of the diphenyldisul~de 
mixture with CrKO),, whereas mixtures of the latter 
with other substituted benzenes IC,H,R (I7 = CH,, 
SH, %$,Hs, or CHsSSCIi,)] did not show Cr+L ions. 
From the above observations it can be proposed that 
diphenyldisulfide forms a special complex with 
chromium ions. Possible structures of this complex 
(Structures 4-101, are shown below. Structure 4 is the 
least likely candidate because if the C&I,SSC,H, 
moiecule is coordinated to a Cr atom as a typical 
g-aromatic ligand, its behavior should be similar to 
that of other aram&ic compounds. 
9 10 
Metas~ab~e and Collision-~~dL~ced Dissociation 
To characterize the CBH,SSC6H,Cr+ ion structure, its 
decomposition was studied and compared with that of 
the other chromium~onta~~ng ions and the metal-free 
diphenyldisul~de molecular ion. 
The MI mass spectra of diphenyldisulfide and its 
complex with Cr+ are shown in Figure 1. Two com- 
mon d~ompositions, namely, C,H, and S, loss, were 
observed. Fragmentation of ionized diph~yId~u~de 
also involves the loss of H; HS’ and C,H,S’ radicals 
to yield even-electron ions. C,H,S’ loss becomes the 
most abundant process in the CID mass spectrum. In 
contrast, coordinated diphenyldis~~de decomposes 
only with the loss of e~-eiec~~ neutral species, to 
form Mets-eonta~ng ions. Differences in fragmenta- 
a 
b C.H,sCr’ 
W.H,SHl 
Figure 1. MI mm6 spectra of (a) the ionized diphenylmlfide 
and(b) CrtC,H5SSC,H5 ion. 
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tion of the metal-free and metal-coordinated aromatic 
compounds have been observed before [18] and were 
explained by charge localization on the central metal 
atom [19], whose ionization energy (IE(Cr) = 6.77 eV 
[20]) is substantially lower than that of most benzene 
derivatives [20]. C,H,S’ loss also was not observed 
from collisionally activated Cr+C,H$SC,H, ions, 
which makes the ions 6-8, in which the chromium 
atom is surrounded by two ligands, unattractive struc- 
ture proposals. 
Dissociations of metastable C6HSSSC,HSCrt ions 
can be divided usefully into two types. The first 
involves interaction between a metal and sulfur 
atom(s) and results in chromium sulfide ions. The 
CID1 mass spectrum of C,H,SSC,H,@+ shows 
signals at m/z 186 and 154, which show that forma- 
tion of CrS+ and 05: is accompanied by C,H,SC,H, 
and C,HsC,H, loss, respectively. Collisional activa- 
tion of C6H,SSC,H,Crf also results in CrS+ ion for- 
mation. CrS ’ and CrSl ions are present in the MI and 
CID mass spectra of RC,H,Cr+(CH,SSCH,) and 
Cr+(CH,SSCH,) ions in which the only possible type 
of coordination of dimethyldisulfide to the metal atom 
is by one or two Cr-S bonds. Therefore, formation of 
chromium sulfide ions can be associated with sbuc- 
tures 9 or 10. 
The second type of C,H,SSC,H,Cr+ ion decomprr 
sition involves reactions in which the metal atom is 
formally a spectator. These are hydrogen and skeletal 
rearrangements that result in H,S, C,H,, or C,H,SH 
loss, which may originate from the isomers 9 and 10 
that contain Cr-S bond(s). Formation of benzene and 
thiophenol as neutrals is indicated by the CID1 mass 
spectrum (see Experimental), which contains their 
molecular ion peaks at m/z 78 and 110, respectively. 
Collisional activation of C,H,&Cr+ and C6H,SCr* 
ions that originate from metastable C,HsSSC6HJrf 
by C,H, and C,H,SH loss, respectively, showed a 
significant signal due only to Cr*, which indicates no 
metal atom insertion into the C-S bond; ions 11 and 
12 are likely structures for these species. 
11 12 
The MI mass spectrum of C,H$SC,HsCr+ (Figure 
lb) also displayed a very small peak due to Crf. This 
ion was not present in the MI mass spectra of sand- 
wich-type ions [(arene),-Cr’, C5H5Crf-arene, 
(CsH,&Cr+l, which leads us to suggest that 5, 6, 7, 
and 8 are unlikely structures for this ion. Production of 
Cr+ can occur from structures 9 or 10; this is sup- 
Collisional activation of C,HsSSC,H,Cr+ ions by 
using oxygen as a target (a good charge stripping 
target [21]) resulted in formation of doubly charged 
species. Dibenzene chromium and its substituted 
analogs behaved similarly, whereas Cr+(CH,SSCH3) 
ions did not undergo further ionization under the 
same conditions. 
We propose that C6HsSSC6HSCr+ ions can origi- 
nate from the addition of Cr+ to diphenyldisulfide. 
Arene-Cr ’ ions also arc able to form adducts, but 
they are unstable and easily undergo intramolecular 
ligand substitution, which results in a loss of an arene 
ligand originally bound to a metal atom. At the mo- 
ment of formation C,HsSSC6HsCrt ions well may 
have the cyclophane structure 5, which can be respon- 
sible for S, loss. Further, it can isomerize to structures 
(9 or 10) with Cr-S bond(s), which gives rise to the 
major metastable and collisional-induced decomposi- 
tions. 
Neutralization-Reionization 
Additional support for the cyclophane structure 5 for 
the Cr+C,H,SSC,H, ion is provided by neutraliza- 
tion-reionization experiments [22], which previously 
have been used to aid the characterization of transition 
metal-containing species [23]. The NR mass spectrum 
of this ion and those of (C,H,),Cr+, (C,H,),Cr+, and 
(CH,SSCHJCr* ions (chosen as model ions) are shown 
in Figures 2-5. As the most abundant species, all the 
spectra display metal-free organic ions that originate 
from different reactions discussed elsewhere [23d, g, 
and 11. The similar relative abundances of the organic 
ions in the NR and CID1 mass spectra of these ions 
indicate that (dissociative) ionization of neutrals pro- 
duced in metastable and collision-induced dissociation 
of the parent ions is a major source for their formation. 
The survival ion and other metal containing ions in 
the NR mass spectrum of dibenzenechromium are of 
extremely low abundance (Figure 2), which shows that 
two separate arene ligands are easily lost on neutral- 
ization or following reionization. That the ligand loss 
may be a two step process is indicated by the absence 
ported by, for example, the presence of Cr* in the MI 
mass spectrum of Cr+(CH$SCH,). 
Figure 2. NR mass spectrum (Xe, 90% T/O,, 85% T) of 
(C6H,),Crt ion. 
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Figure 3. NR mass spectrum (Xe, 90% T/O,, 85% T) of 
(C,H,),Cr+ ion. 
of recovery signals in the NR mass spectra of C6H,Cr+, 
C,H,CH,Cr+, and C,H,CH(CH,),Cr+ ions, which 
shows a probable low stability for neutral arcne-Cr 
species. Note that the C,H,Fe+ ion also shows no 
recovery signal in its NR mass spectrum [23g]. 
The NR mass spectrum of (C5H&ri’ (Figure 3) is 
similar to that of other metallocenes [231]; it is domi- 
nated by hydrocarbon ions, but it also contains a 
recovery signal. The latter indicates a higher stability 
for Cr-C,H, relative to Cr-C,H, in keeping with 
previous experimental results [17]. 
No recovery signal was found in the NR mass 
spectrum (Figure 4) of Cr’(CH,SSCH,) under any 
experimental conditions. The most abundant peaks 
correspond to metal-free ions. Some metal-containing 
ions, particularly CrS+ and CrSl, were observed. These 
also were present in the CID mass spectrum of 
Cr+(CH,SSCH,), and so in the NR experiment stable 
neutral Cr(CH,SSCH,) was probably formed, but de- 
composed following reionization. This may also ac- 
count for the presence of a ligand ion, CH,SSCHl; in 
the NR mass spectrum. 
The NR mass spectrum of Cr+C,H,SSC,H, (Figure 
5) displays a significant recovery signal, as does chro- 
mocenium, which shows that the corresponding neu- 
NORECO”ERY 
Figure 4. NR mass spectrum (Xe, 90% T/O,, 85% T) of 
Cr+CH ,SSCH, ion. 
Figure 5. NR maw. spectrum (Xe, SU% T/O,, 85% T) of 
Cr+C,H,SSC,H, ion. 
trals are stable under the given experimental condi- 
tions. Their structure is unlikely to be 4, 9, or 10, 
whose analogues, R&H&r+ and Cr+(CH,SSCH,), 
do not show recovery peaks in NR experiments. A 
quantitative comparison of the NR mass spectra of 
different ions is quite difficult because of uncertainties 
of ion production. Intuitively, the stability of 
Cr+C,H,SSC,Hs in the NR experiments seems to be 
higher than that of dibenzenechromium, but lower 
than that of chromocenium. Also, from the fragmenta- 
tion data for these ions, it is clear that a part of them 
isomerize into “open” structure(s), 9 or 10, species that 
are unlikely to be stable under NR conditions. Thus 
the NR mass spectrum of a “pure” ion 5 would be 
expected to show a recovery signal of higher abun- 
dance than Cr+C,H,SSC,H, ions produced in our 
experiments. 
Effect of Sulfur Containing Substituent on 
Dissociation of Bisbenzenechromium ions 
The absence of RC,H,CrtC,HsSSC,H, in the mass 
spectra of arenechromiumtricarbonyl mixtures with 
diphenyldisulfide does not allow any estimate to be 
made for the bond strength between a C,H6Crf ion 
and $C,H,SSC,H,, relative to other RC,HsCr+- 
ligand bonds. However, it was possible to do so for 
RC,H,CrCC,H,R’ cations, where R’ = SH or SC,H, 
and for this purpose the MI mass spectra were recorded 
for these species produced by ion-molecule reactions 
in mixtures of the corresponding arenchromiumtricar- 
bonyls with aromatic compounds. According to ref 
24a-d, the abundances of peaks that correspond to 
competitive ligand loss from di- and polyligated metal 
ions can be related to the order of ligand binding 
energies. The MI mass spectra of dibenzenechromium 
derivatives are very simple and display only two peaks 
related to arene ligand loss. Their relative abundances 
are listed in Table 2. According to the above criterion, 
alkyl substitution increases metal-arene bond strength, 
which, in agreement with previous results for the 
arene-Crf ions [17e, g], also increases as the size and 
number of alkyl groups rises. Thiophenol is more 
J Am Sac Mass Spectrom 19Y4,5, 928 -934 
Table 2. Relative abundances of arene ligand loss from the 
met&able RCdHSCrCC,HsR’ ions 
R R’ [RC,H,Cr+l/[R’C,H,Cr+] 
H C’-‘, 0.17 
H HS 1.8 
CH, HS 5.6 
CH,CH,CH, CH, 4.7 
tH,),CH Ck 4.2 
CH,CH2CH,CH, CH, 11.3 
(C,H,)CH,CH cH, 9.5 
C&S 
C&S %$,cH 
68 
26 
weakly bound to chromium ion than benzene and its 
alkyl derivatives (Table 2). 
The addition of a C,H,S group to the benzene ring 
results in a larger increase in metallligand bond 
strength than does alkyl substitution. Such an effect 
may originate from the Iarge number of vibrational 
degrees of freedom of the phenylthio group, which has 
been found to be the most important factor that affects 
dissociation of arene-Cr ’ ions [25]. A detailed analy- 
sis of the substituent effect on arene-chromium bond 
rupture in dibenzenechromium ions is in progress. 
Conclusion 
Stable dibenzenechromium derivatives with sulfur- 
containing substituents can easily be produced by ion 
molecule reactions in the gas phase. Thiophenol 
derivatives show comparable or even higher binding 
energies to Cr+ relative to those of other benzene 
derivatives. The formation of cyclophane structure 5 
that contains sulfur atoms in a bridge between two 
aromatic ligands is indicated by the dissociation char- 
acteristics of the Cr*(C,H,SSC,H,) ion, whose stable 
neutral counterpart can be produced in neutraliza- 
tion-reionization experiments. Species that contain a 
chromium ion coordinated directly to sulfur atom(s), 
for example, 9 or 10, were also identified. All these 
types of chromium atom coordination to arylsulfides 
are expected to exist in polyphenylenesulfide or simi- 
lar polymers doped with metal atoms. It can be pre- 
dicted that such materials will be oxidized easily with 
out destruction of their structure. No evidence was 
found for metal insertion into S-S, S-C, or S-H 
bonds. 
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